Cell-free microRNAs in plasma provide circulating biomarkers for lung cancer. Most techniques for analysis of miRNAs require a large plasma volume to purify a sufficient RNA yield followed by complicated downstream processing. Small differences in the multiple procedures often cause large analytical variations and poor diagnostic values of the plasma biomarkers. Here we investigate whether directly quantifying plasma miRNAs without RNA purification could diagnose lung cancer. FirePlex assay was directly applied to 20 μl plasma of 56 lung cancer patients and 28 cancer free controls for quantifying 11 lung tumor-associated miRNAs. FirePlex assay is easier, less expensive and time-consuming for quantification of plasma miRNAs compared with conventional reverse transcription PCR with an equivalent analytic performance. From the lung tumor-associated miRNAs, a prediction model based on two miRNAs (miRs-205-5p and -210-3p) was developed, producing 78.6% sensitivity and 89.3% specificity for identifying lung cancer. The diagnostic value was independent of stage of lung tumor, and patients' age and sex (all P N 0.05). Furthermore, based on the same two miRNAs, additional prediction models were developed with 75.0% sensitivity and 89.3% specificity for diagnosis of lung squamous cell carcinoma, and 82.2% sensitivity and 89.3% specificity for lung adenocarcinoma. The direct plasma assay can improve the efficacy of miRNA assessment in a small plasma volume by reducing multiple procedure-associated analytical variables. The developed plasma miRNA biomarkers might be useful for the early detection and histological classification of lung cancer.
Introduction
Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of lung cancer that is the number one cancer killer [1] . NSCLC mainly consists of two major histological subtypes: squamous cell carcinoma (SCC) and adenocarcinoma (AC) [2] . The 5-year survival rate for stage IV NSCLC is only 10%, whereas nearly 85% for stage IA NSCLC [1] . These statistics provide the primary rationale to improve the early detection of NSCLC. Furthermore, histological subtype is predictive of a differential response rate, overall survival, or toxicity profile from certain therapies. Precisely classifying subtypes of lung cancer is also clinically important for the personalized treatment of the malignancy [3] [4] [5] . MicroRNAs (miRNAs) are small molecules that have important functions in diverse biological processes, including cell proliferation, differentiation, and apoptosis [6] [7] [8] . Furthermore, dysfunction of miRNAs contributes to the development and progression of human malignancies, including lung cancer [9] . In addition, miRNA expression profiles represent molecular signatures for the classification, diagnosis, and progression of tumor, and thus could be developed as cancer biomarkers [8, 10] . Blood is one of the most easily and noninvasively accessible body fluids. The use of blood plasma for assessment of circulating miRNAs originating from primary tumors would provide a useful tool for the early detection and histological classification of lung cancer [11] [12] [13] .
The most common techniques used in analysis of plasma miRNAs mainly include quantitative reverse transcription polymerase chain reaction (qRT-PCR) and microarray [14] . Being sensitive and quantitative, qRT-PCR is relatively inexpensive and flexible, and thus the preferred choice for assessment of limited number of miRNAs in relatively small experiments. Compared with qRT-PCR, microarrays can target more miRNAs for larger studies, however, have a low detection sensitivity. Since the cancer-associated miRNAs are derived from primary tumor and could be 'diluted' in a background of normal miRNAs, the circulating miRNAs are present in very low abundance in plasma [11, 15, 16] . In order to profile the low-abundance miRNAs in plasma, these current techniques require a large plasma volume to purify a sufficient RNA yield followed by complex downstream workflow, including reverse transcription [17] . However, small differences in the complex processes often result in large analytical variations and poor diagnostic performances of the plasma biomarkers [14, 17] .
FirePlex technology is a new approach for quantification of miRNAs [18] . This technique is dependent on hydrogel particles that contain custom selected probes against target miRNAs. miRNAs bind to these probes and are then ligated to adaptor sequences for pre-detection amplification. Particles are optimized for use with common bench-top flow cytometers, allowing detection without specialized laboratory equipment. Furthermore, data analysis is relatively straightforward and does not require advanced bioinformatics skills. This technique can quantify multiple miRNAs across a range of samples without the labor-intensive workflow or large sample requirement for other techniques. Importantly, it can be used directly with crude body fluids without RNA extraction and reverse transcription. In addition, miRNA profiling by the FirePlex technology can be achieved from input of as little as 10 μL of plasma or 100 pg purified RNA [18] . Therefore, FirePlex technology for multiplex miRNA profiling may overcome the obstacles of the current techniques by eliminating the errors induced during sample purification and insufficient methods for analytical performance. The objective of the present study was to use FirePlex miRNA assay to develop plasma miRNA biomarkers for lung cancer early detection and histological classification.
Materials and Methods

Patients and Clinical Specimens
The Institutional Review Boards of University of Maryland Baltimore and Veterans Affairs Maryland Health Care System approved this study. We recruited lung cancer patients and cancer-free smokers by using the inclusion and/or exclusion criteria recommended by U.S. Preventive Services Task Force for lung cancer screening in heavy smokers [19] . We collected blood in BD Vacutainer spray-coated K2EDTA Tubes (BD, Franklin Lakes, NJ) and prepared plasma using the standard operating protocols developed by The NCI-Early Detection Research Network within 2 hours of the collection [20] . A total of 56 NSCLC patients and 28 cancer-free smokers were recruited. Among the cancer patients, 9 patients were female and 47 were male. Twelve had stage I NSCLCs, 6 with stage II, 12 with stage III, 18 with stage IV, and 7 with unknown stage. Histologically, 28 lung cancer patients were diagnosed with AC, while 28 with SCC. Of the cancer-free smokers, 2 patients were female and 28 were male. The cancer-free patients who were smokers and served as control subjects had granulomatous inflammation (n = 14), nonspecific inflammatory changes (n = 12) or lung infections (n = 2). The cancer-free smokers had been followed for at least 2 years, and none had any evidence of cancer. The demographic and clinical variables of the cohort are shown in Table 1 .
miRNA Quantification by the FirePlex Assay
Using next-generation deep sequencing to comprehensively characterize miRNA profiles in eight lung tumor tissues, we identified miRNAs whose dysregulation was associated with NSCLC [21] . From the miRNAs, we found that 11 miRNAs might be potential plasma biomarkers for lung cancer [12, 13, [21] [22] [23] [24] [25] [26] . The 11 miRNAs were analyzed in this study, including miRs-205-5p, -145, -422a,-34a-5p, -93-5p,-223-3p,-210-3p, and 628-3p, and lets-7d-5p, -7g-5p, and -7i-5p.
Plasma 20 μL was mixed with 36 μL Digest Buffer, 20 μL water and 4 μL Protease Mix and incubated at 60°C for 45 minutes with shaking. For each sample run, FirePlex Particles (35 μL) were added to a well of a 96-well filter plate and filtered. Twenty-five μL Hybe Buffer was added to each well. One ng total RNA was loaded. The plate was incubated at 37°C for 60 minutes with shaking. After rinsing twice with 1× Rinse A, 75 μL of 1× Labeling Buffer was added to each well. The plate was incubated at room temperature for 60 minutes with shaking. After two rinses with 1× Rinse B followed by one rinse with 1× Rinse A, a catch plate was added to the vacuum manifold and the filter plate put under constant vacuum. 65 μL of 95°C RNAse-free water was added twice to each well to elute the ligated sample. 30 μL of this meltoff was added to a clean PCR plate and mixed with 20 μL PCR master mix. The mixture underwent 32 cycles of PCR amplification. 60 μL of Hybe Buffer was added back to each well of the original particles followed by 20 μL of the PCR product, and the plate was incubated at 37°C for 30 minutes with shaking. After rinsing twice with 1× Rinse B followed by one rinse with 1× Rinse A, 75 μL of 1× Reporting Buffer was added to each well and the plate incubated at room temperature for 15 minutes with shaking. After rinsing twice with 1× Rinse A, 175 μL of Run Buffer was added to each well. The samples were then scanned on an EMD Millipore Guava 6HT flow cytometer (MilliporeSigma, Germany). Flow cytometry quantification data was analyzed with the FirePlex™ Analysis Workbench software as previously described [18] .
RNA Isolation and qRT-PCR
Plasma 200 μL was used for RNA extraction by Trizol LS reagent (Invitrogen Carlsbad, CA) and RNeasy Mini Kit (Qiagen, Hilden, Germany) [22, 26, 27] . RT was carried out to generate cDNA by using a RT Kit (Applied Biosystems, Foster City, CA) as described in our published works [22, 26, 27] . PCR was performed to measure expressions of target genes by using a PCR kit (Applied Biosystems) on a Bio-Red IQ5 Multi-color RT-PCR Detection System (Bio-Red, Hercules, CA). Expression levels of the genes were determined using comparative cycle threshold (C T ) method with miR-1228 as an internal control. The targeted genes with C T values N35 were considered to be below the detection level of qRT-PCR [28] . All reactions were run in triplicate. C T values were converted into absolute copy numbers using a standard curve from a synthetic miRNA as previously described [22, 26, 27] .
Statistical Analysis
We used the area under receiver operating characteristic (ROC) curve (AUC) with the null hypothesis (H0) of 0.5 to determine sample size. 28 subjects were required in each category of cases and controls to show a minimum difference of interest between an AUC of 0.75 versus an AUC of 0.5 with 80% power at the 5% significance level. To determine if a particular miRNA signal was detectable, assay background was subtracted from the miRNA signal measured in the samples and the result was compared to a limit of detection. The detection threshold was set based on comparison of fluorescence intensity of sample wells to negative (water) wells by calculating [(3Sww)2+(4Spp)2]1/2. Sww was the well-to-well standard deviation of the mean signals, and Spp was the mean of the particle-particle standard errors. The detection threshold was set at 2.00 as previously established [18] . We generated the heatmap based on a grid of raw and background subtracted miRNA signal intensities indicated by color. We used an ANOVA to determine if the groups exhibit significantly different expression levels for a particular miRNA, and the ANOVA results were reported as an unadjusted P-value. Differential expression with P-values less than 0.05 indicated that the two groups were different with at least a 95% confidence level. Pearson's correlation analysis was utilized to assess relationship between plasma miRNA expressions and demographic characteristics of the patients and cancer-free controls. Correlation between FirePlex versus qRT-PCR output analyses was tested by using linear regression models. The precision of miRNA measurements was estimated by using coefficient of variation [CV = (SD/mean)*100] of quadruplicate measures for each sample. The ROC and AUC analyses were applied to determine sensitivity and specificity of each miRNA. We used logistic regression models with constrained parameters as in least absolute shrinkage and selection operator (LASSO) to eliminate the irrelevant genes and develop prediction models with the highest sensitivity and specificity.
Results
Directly Targeting Plasma Samples for Quantification of miRNAs
The releases of miRNAs in plasma by hemolysis of blood cells often produce nonspecific and low reproducible results [16, [29] [30] [31] [32] . To determine if the plasma had hemolysis of blood cells, we included hemolysis-associated miRNA markers (miRs-451a and-486-5) in the FirePlex miRNA Assay. All the specimens had negative results of the hemolysis miRNA markers, suggesting no hemolysis in the plasma samples. All the 11 miRNAs, including miRs-205-5p,-145, -422a,-34a-5p, -93-5p,-223-3p,-210-3p, and 628-3p, and lets-7d-5p, -7g-5p, and -7i-5p, had background-subtracted signal above the detection threshold ( Figure 1) . Therefore, the FirePlex miRNA Assay could quantify the 11 miRNAs in plasma.
To determine the robustness of the FirePlex assay in miRNA quantification, we performed qRT-PCR in plasma samples of 20 cancer-free controls and 20 lung cancer patients for quantitation of a miRNA, miRs-34a-5p. There was no statistical difference of the CVs of miRNA levels determined by FirePlex vs. qRT-PCR in the same samples (P = 0.26) ( Supplementary Figure 1) , implying that FirePlex had comparable precision and repeatability compared with qRT-PCR for quantification of plasma miRNA. Furthermore, there was a close correlations of expression levels of the miRNA determined by the two platforms (Pearson r = 0.9961, P b 0.0001) ( Supplementary  Figure 2 ). In addition, the total time required for the FirePlex assay is 3-5 hours, whereas 24 hours for qRT-PCR. Altogether, the FirePlex assay is a less time-consuming technique for quantification of plasma miRNAs with an equivalent analytic performance compared with qRT-PCR.
Plasma Biomarker Panels for the Early Detection and Histological Classification of Lung Cancer
Of the 11 miRNAs that robustly detectable in the plasma samples, 10 miRNAs (miRs-93-5p, 628-3p, -422a,-34a-5p, -223-3p, -210-3p,and -205-5p, and lets-7d-5p, -7g-5p, and -7i-5p) had a different expression level in lung cancer patients vs. cancer-free individuals (All P b 0.05) ( Figure 2) (Supplementary Figure 3) . We used ROC to evaluate the diagnostic performance of the miRNAs for lung cancer. The 10 miRNAs showed 0.663-0.77 AUC values with 58.93-73.21% sensitivity and 60.25-82.14% specificity ( Table 2) , implying that the miRNAs held promise as plasma biomarkers for lung cancer.
We used logistic regression models with constrained parameters as in LASSO and AUCs to optimize a marker panel for lung cancer. From the 10 genes, a logistic regression model with 2 miRNAs (miRs-205-5p and -210-3p) was developed for diagnosing lung cancer: U = -1.44 + 0.05×miR205-5p + 0.07×miR-210-3p. Incorporated analysis of the 2 biomarkers by using the logistic regression model produced a higher AUC (0.85) than did the individual biomarkers ( Figure 3A ) (Table 2) (P b 0.05). We calculated the distance to the perfect point (0, 1) with varying cut-offs for U, and the cut-off corresponding to the shortest distance in the AUC analysis was considered the optimal one. The optimal cut-off for the logistic regression model was U = 0.62. Any subject with U ≥ 0.62 was classified as a lung cancer case. As a result, combined analysis of the 2 miRNAs by using the logistic regression model yielded significantly higher sensitivity (78.6%) and specificity (89.3%) compared with the individual biomarkers (all P b 0.05) ( Table 2 ). Furthermore, based on the 2 miRNAs, a second logistic regression model was developed for diagnosis of AC with AUC of 0.82: U = -1.69+ 0.05×miR-205-5p +0.03×miR-210-3p ( Figure 3B ). When cut-off was set at U = 0.53, this logistic regression model produced 75.0% sensitivity and 89.3% specificity for diagnosis of AC. In addition, using the same 2 miRNAs, a third logistic regression model was established for diagnosis of SCC with AUC of 0.88: U = -2.62+ 0.043×miR-205-5p +0.1×miR-210-3p ( Figure 3C ). When cut-off was set at U = 0.35, this logistic regression model produced 82.1% sensitivity and 89.3% specificity for diagnosis of SCC.
Combined use of all the 10 miRNA genes did not produce higher sensitivity and specificity compared with the two miRNAs (miRs-205-5p and -210-3p) used in combination (P N 0.05).
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Furthermore, the estimated correlations among levels of the 2 genes were very low (Pearson r = -0.0219, P = 0.7720) ( Supplementary  Figure 4) , implying that the integration of the two molecular biomarkers has complementary classification. In addition, the logistic regression models had no special association with age, gender, and smoking status of the participants (All P N 0.05). Moreover, the three logistic regression models with the same two miRNAs had similar sensitivity and specificity for diagnosis of different stages of NSCLC ( Supplementary Figure 5 ).
Discussion
The current techniques for the assessment of plasma miRNAs require a large plasma volume followed by the complicated downstream handling. Small differences in the processing will lead to poor analytical and diagnostic values of plasma biomarkers. We propose to avoid the multiple procedures by direct analyzing plasma using the FirePlex technology for quantifying multiple miRNAs. Our head-to-head comparison of the FirePlex Assay and qRT-PCR demonstrates that the FirePlex can eliminate intra-assay variables and improve reliability of miRNA quantification by directly targeting crude plasma and minimizing the complicated workflow. Furthermore, unlike qRT-PCR requiring a large sample volume (200 μL), the FirePlex assay can simultaneously quantify multiple miRNAs from input of as little as 20 μL of plasma. In addition, without the expensive procedures including RNA isolation, RNA quantification, and RT, the FirePlex technology can be used at less cost compared with qRT-PCR. The FirePlex assay only takes 3-5 hours from sample to data, and thus requires a shorter turnaround time compared with qRT-PCR demanding 24 hours. Moreover, the data handling for the FirePlex technology is straightforward for fast analysis and interpretation, as the results are obtained by using conventional flow cytometry with simple software. Therefore, the FirePlex assay might provide an efficient means for quantification of the plasma miRNAs whose changes are the hallmark of lung cancer. Importantly, we develop 2 miRNA biomarkers, which used in combination could diagnose lung cancer. Since the biomarkers show similar sensitivity and specificity in the early vs. advanced stages of NSCLC, it might be a useful approach for the early detection of lung cancer, a clinically challenging. Furthermore, the use of the 2 miRNA biomarkers would potentially improve personalized treatment of lung cancer by precisely classifying the subtypes. In addition, our analysis of the plasma miRNAs by simply calculating the equation with the established cut-off could be a convenient tool in the clinics. Therefore, the developed biomarkers with the easy-to-use prediction models may represent promising noninvasive diagnostic tools not only for early detection of lung cancer, but improving the efficacy of therapeutics of NSCLC.
Increased miR-205-5p expression contributes to the development and progression of NSCLC [21, 33] . We have shown that miR-205-5p is one of the miRNAs that could be used as biomarkers for the early detection of lung cancer [21, 24, 34] . miR-210-3p stimulates a hypoxic phenotype and upsurges radioresistance in NSCLCs [35] . Hypoxia-induced miR-210-3p can regulate tumor cell susceptibility to cytolytic T-lymphocyte-mediated lysis by a mechanism involving its downstream targets PTPN1, HOXA1, and TP53I11 [36] . The results created from our present study support these previous findings, and further provide evidence of using the miRNAs as potential biomarkers for diagnosis of lung cancer.
There are limitations in the present study. 1), the sample size is small. Furthermore, this single and retrospective cohort of cases and controls may produce selection bias. To diminish the bias, we will perform pivotal evaluation of the diagnostic assay in a large cohort by using prospective-specimen collection, retrospective-blinded-evaluation design developed by NCI [37] . 2), in the present study, we only assess 11 miRNAs whose changes are associated with lung cancer, from which 2 miRNA biomarkers are optimized. Although showing promise, the 2 miRNAs have moderate sensitivity and specificity that are not sufficient in routine laboratory settings. We will use this platform to evaluate more lung tumor-specific miRNAs to identify additional plasma miRNA biomarkers that can be added to the current ones so that the diagnostic efficacy of the plasma assays could be improved. Furthermore, the assessments of cell-free circulating tumor DNA or DNA methylation status of gene promoters have attracted increasing attention as potential liquid biopsy tests for lung cancer [38] [39] [40] . Our ongoing efforts are to compare the diagnostic efficiency of the plasma miRNA signature with those of the cell-free DNA biomarkers in the early detection of lung cancer. 3), given that the changes of the miRNAs are not specific for lung cancer, the patents with positive results might have other type of cancers. In future clinical trials, the patients who have positive results with the molecular analysis should undertake clinical examinations and tests to have final clinical diagnosis.
Conclusions
This study demonstrates that an approach for directly targeting less blood and skipping the multipole procedures that are associated with large analytic variations would improve the efficacy of miRNA assessment. The developed plasma miRNA biomarkers may help diagnose lung cancer at the early stage and classify the subtypes. Nevertheless, the continued development of this technology and validation of the biomarkers are required. 
